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A B S T R A C T
Purpose: Drug resistant epilepsy (DRE) is common in patients with tuberous sclerosis (TS). Interictal MEG has
been shown as a valuable instrument in the presurgical workup. The goal of our study was to evaluate the role of
ictal MEG in epileptogenic tuber selection, especially in patients with multiple irritative zones.
Methods: The clinical and MEG data of 23 patients with TS and DRE from two medical/research centers were
reviewed. Seven pediatric patients, who had seizures during MEG recording and underwent resection or dis-
connection surgery, were included into the study. Cortical sources of ictal and interictal epileptiform MEG
discharges were compared with epileptogenic zone location in six patients with favorable surgery outcome.
Results: In patients who improved substantially after surgery all resected and several other tubers demonstrated
epileptiform activity on interictal MEG. Ictal MEG provided crucial information about lobar location of the
seizure onset zone (SOZ) in two cases, and in the other four it confirmed the SOZ location derived from the
interictal data. In one case, ictal MEG findings were unreliable. In one patient, who did not benefit from surgical
treatment, the resected tubers did not overlap with interictal and ictal MEG sources.
Conclusion: The combination of interictal and ictal MEG is a valuable tool for identification of the epileptogenic
tuber/tubers in presurgical work-up in patients with TS.
1. Introduction
Epilepsy with tuberous sclerosis (TS) is often drug resistant, and
some patients benefit from surgical intervention. Due to the multifocal
nature of TS, it is often difficult to decide, which tuber (or tubers)
should be removed to achieve freedom of seizures. Previous studies of
patients with TS and drug resistant epilepsy (DRE) have demonstrated
interictal MEG to be useful for identifying a tuber generating epilepti-
form activity (Iida et al., 2005; Jansen et al., 2006; Wu et al., 2006;
Kamimura et al., 2006). However, several tubers can produce interictal
epileptiform discharges, whereas only some of them are responsible for
seizure initiation (Wu et al., 2006). Here we aimed to investigate
whether ictal MEG can be more specific than interictal MEG in selecting
epileptogenic tubers from several interictally active ones, and to reveal
the added value of ictal MEG in the presurgical workup of TS patients
with multiple electrographically active tubers.
2. Methods
This study was approved by the ethical committees of Moscow State
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T
University of Psychology & Education (MSUPE), Moscow, Russia and E7
of Helsinki University Hospital (HUH), Helsinki, Finland.
This study includes the data of TS patients from the epilepsy surgery
programs of N.N. Burdenko NMRCN, Moscow, Russia (2010–2017) and
of HUH (1995–2017). The inclusion criteria were: a presence of TS with
DRE, interictal and ictal MEG and resection or disconnection surgery.
Twenty-three TS patients were referred to MEG, and seizures of 13
patients were recorded. Seven of them underwent resection or dis-
connection surgery.
The following information was collected from the medical records:
age, gender, seizure semiology, ictal and interictal data from video-EEG
and MEG, MRI, resection site, post-surgery follow-up duration and
surgery outcome. Informed consent was obtained from all patients or
their caregivers.
MEG was recorded using Elekta-Neuromag 306-sensor MEG device
(102 magnetometers, 204 planar gradiometers) in MEG center of
MSUPE and in BioMag laboratory of HUH. The data were analyzed
using the manufacturer’s software. Spatio-temporal source separation
(Taulu and Simola, 2006) and the head position were monitored con-
tinuously. Epileptiform signals were identified by MEG experts (TS, AK,
RP and MM); the sources were localized using manual sequential multi-
dipole fit (Salmelin, 2010). The sources were co-registered with pa-
tients’ MRI.
The ictal events were defined according to ILAE recommendations
and were related to an onset of the clinical seizure manifestations
(Fisher et al., 2005). The first MEG signal change temporally related to
the clinical seizure onset was used for ictal source localization. In 6
patients, the MEG signal changed before the clinical seizure onset (pre-
ictal MEG signal); in one patient (case 6) such change was identified
after appearance of clinical signs, and in this case the ictal sources were
localized from the first subtle epileptic spasms that did not cause a
movement artifact.
Interictal MEG source clusters were defined as six or more sources
with ≤1 cm between adjacent sources (Iida at al. 2005). Among them,
we separated major interictal clusters that contained either the sources
of continuous local epileptiform transients rarely interrupted by phy-
siological activity or the initial sources of prolonged rhythmic dis-
charges/electrographic seizures.
3. Results
The data of seven patients (six from MSUPE and one from HUH) are
presented in Table 1. The case reports can be found in Supplemental
Digital Content (SDC).
3.1. Surgery outcome
Post-surgery follow-up varied from one to four years. Four patients
achieved seizure freedom (Engel I). In two patients, only rare seizures
remained (Engel II). Thus, the results indicated that in six cases the
epileptogenic tubers were likely to have been removed or disconnected.
In one patient, surgery did not change the seizure frequency or severity
indicating a failure to identify the epileptogenic zone (Engel IVB).
3.2. Ictal vs interictal MEG
In all six patients with favorable surgery outcome, the resected areas
contained major MEG source clusters (see SDC). Considering that these
patients substantially improved after surgery, we expect that the re-
sected major clusters corresponded to epileptogenic zone (EZ).
However, in all cases, interictal activity was also present outside the
resected areas, including discharges generated by one of the major
clusters (patients 2 and 6). This prevented an unambiguous EZ identi-
fication based solely on their interictal MEG. Ictal MEG provided a
correct localization of the EZ at the lobar level in five (1, 2, 4, 5, 6)
patients. In two cases (patients 2 and 6) ictal MEG findings were crucial,
because they allowed selecting EZ among several major clusters/irri-
tative zones. In patients 1, 4 and 5 ictal MEG confirmed localization of
EZ derived from the interictal data, which reported a single major
cluster. The ictally localized EZ in all 5 cases overlapped with one of the
major interictal clusters. However, at the sub-lobar level, ictal MEG was
not always accurate enough (patient 1). In patient 3, ictal MEG findings
were misleading: the epileptogenic tuber was located in the other
hemisphere and its surgical removal led to favorable outcome. The
inaccurately identified EZ by ictal MEG (i) did not coincide with the
interictal major cluster, which was located in the vicinity of the re-
sected tuber and (ii) the ictal MEG sources were scattered across the
whole hemisphere. Due to the widespread distribution of ictal signal,
the MEG interpreters reported this ictal MEG finding as unreliable.
In the patient 7, who did not benefit from surgical treatment, the
area of resected tubers overlapped neither with the major interictal
MEG cluster nor with the ictal MEG sources (Table 1 and SDC).
3.3. Ictal EEG vs ictal MEG
In four out of six patients with favorable surgery outcomes, ictal
EEG neither lateralized nor localized the EZ (patients 1, 2, 3 and 4). In
three of these cases (patients 1, 2 and 4), ictal MEG provided EZ loca-
lization to the correct lobe, and in one (patient 3) ictal MEG was mis-
lateralizing. In patients 5 and 6 ictal EEG and ictal MEG were con-
cordant on one tuber, but in patient 6 MEG suggested simultaneous ictal
onset activity in an additional tuber. In patient 7, the ictal EEG and ictal
MEG results were discordant. Ictal EEG suggested the epileptogenic
tuber, whose resection did not lead to any changes in patient’s seizures.
4. Discussion
We reported interictal and ictal MEG findings in seven TS patients,
who underwent resection or disconnection surgery, six of them with
favorable outcome and one with surgery failure. Previous MEG studies
in TS patients with DRE were mostly limited to interictal recordings
(Iida et al., 2005; Jansen et al., 2006; Wu et al., 2006; Kamimura et al.,
2006; Medvedovsky et al., 2012). In our study, in six TS patients with
successful surgery, interictal MEG did not miss any tuber or brain re-
gion whose removal led to favorable surgery outcome in accordance
with the previous results (Jansen et al., 2006; Wu et al., 2006;
Kamimura et al., 2006). Although in each individual study, including
ours, the sample size of TS patients with surgically verified EZ locali-
zation was small (up to 6 patients), the concordance of the results im-
plies that interictally “MEG-silent” tubers are not usually epileptogenic.
Also, consistently with the previous reports (Jansen et al., 2006; Wu
et al., 2006; Kamimura et al., 2006), a single major interictal cluster
accurately predicted localization of the EZ in four our patients. How-
ever, if several major interictal clusters were demonstrated, which was
the case in another two patients, the interictal MEG was unable to
determine the EZ. In these two patients, ictal MEG correctly identified
the epileptogenic tuber/tubers at the lobar level among several irrita-
tive zones. Thus, the TS patients with multifocal epileptiform dis-
charges in their interictal MEG/EEG are expected to benefit most from a
combination of interictal and ictal MEG during their pre-surgical eva-
luation. However, localization accuracy of ictal MEG can be limited if
the signal-to-noise ratio at the beginning of ictal activity is low and the
activity propagation from seizure onset zone is fast. The clear indica-
tions of ictal MEG failure in one of our patients were the widespread
cortical sources of pre-ictal MEG pattern and discordance between ictal
MEG finding and location of the single major interictal cluster. Relia-
bility criteria for ictal MEG are currently missing and should be ela-
borated in future. Another issue is the selection of optimal source lo-
calization model for fast oscillating ictal-onset signal. The use of
sLORETA and SAM(G2) beamformer for ictal onset MEG source loca-
lization has been reported (Fujiwara et al., 2012), but here again, fur-
ther studies are needed.
A. Koptelova et al. Epilepsy Research 140 (2018) 162–165
163
Ta
bl
e
1
Pa
ti
en
ts
da
ta
su
m
m
ar
y.
M
–
m
al
e,
F
−
fe
m
al
e,
y
–
ye
ar
s,
m
–
m
on
th
s,
TP
O
–
te
m
po
ro
-p
ar
ie
to
-o
cc
ip
it
al
.“
So
ur
ce
s”
–
di
po
le
s
ex
pl
ai
ni
ng
th
e
ep
ile
pt
ic
M
EG
si
gn
al
s.
Th
e
m
aj
or
in
te
ri
ct
al
cl
us
te
rs
ar
e
w
ri
tt
en
in
bo
ld
.*
G
en
er
al
ly
,m
or
e
se
iz
ur
es
w
er
e
re
co
rd
ed
w
it
h
vi
de
o-
EE
G
th
an
w
it
h
M
EG
,m
ax
im
al
ly
39
an
d
m
in
im
al
ly
19
el
ec
tr
od
es
w
er
e
us
ed
fo
r
vi
de
o-
EE
G
m
on
it
or
in
g.
**
V
id
eo
,E
M
G
,E
O
G
an
d
ac
to
gr
am
w
er
e
re
co
rd
ed
sy
nc
hr
on
ou
sl
y
w
it
h
M
EG
an
d
w
er
e
us
ed
to
de
te
rm
in
e
th
e
se
iz
ur
e
on
se
t.
**
*
Th
e
re
su
lt
s
of
in
va
si
ve
re
co
rd
in
gs
ar
e
pr
es
en
te
d
in
SD
C
.
**
**
So
m
e
da
ta
of
pa
ti
en
t
6
w
er
e
re
po
rt
ed
as
ca
se
10
in
M
ed
ve
do
vs
ky
et
al
.(
20
12
).
Pa
ti
en
t
nu
m
be
r
A
ge
at
th
e
ti
m
e
of
M
EG
,
G
en
de
r.
Se
iz
ur
e
se
m
io
lo
gy
M
R
I
EE
G
in
te
ri
ct
al
sc
al
p
to
po
gr
ap
hy
EE
G
ic
ta
l
on
se
t
sc
al
p
to
po
gr
ap
hy
*
In
te
ri
ct
al
M
EG
**
so
ur
ce
s
Ic
ta
l
M
EG
**
so
ur
ce
s
In
va
si
ve
EE
G
**
*
Su
rg
er
y
Po
st
-
su
rg
er
y
fo
llo
w
-u
p
Se
iz
ur
e
ou
tc
om
e
1
4y
9m
,M
A
xi
al
to
ni
c
se
iz
ur
es
w
it
h
sl
ig
ht
he
ad
de
vi
at
io
n
to
th
e
le
ft
M
ul
ti
pl
e
tu
be
rs
.
Tr
an
sm
an
tl
e
le
si
on
on
co
nv
ex
it
al
su
rf
ac
e
of
ri
gh
t
fr
on
ta
l
lo
be
.C
ys
ti
c
st
ru
ct
ur
e
de
fo
rm
in
g
ri
gh
t
hi
pp
oc
am
pu
s.
R
ig
ht
fr
on
ta
l
N
on
-
lo
ca
liz
ab
le
R
ig
ht
fr
on
ta
l:
ba
sa
l,
la
te
ra
l
an
d
op
er
cu
la
r
R
ig
ht
fr
on
ta
l
ba
sa
l
In
tr
ao
pe
ra
ti
ve
EC
oG
Tu
be
r
re
se
ct
io
n
in
th
e
ri
gh
t
m
id
dl
e/
in
fe
ri
or
fr
on
ta
l
gy
ru
s
3y
9m
Se
iz
ur
e
fr
ee
2
4y
0m
,M
Ep
ile
pt
ic
sp
as
m
s
w
it
h
pr
ec
ed
in
g
pa
le
ne
ss
,
st
ar
in
g,
m
us
cl
e
hy
po
to
ni
a.
M
ul
ti
pl
e
tu
be
rs
.
Th
e
la
rg
es
t
on
e:
le
ft
TP
O
ar
ea
.
O
th
er
la
rg
e
tu
be
rs
ar
e
in
th
e
ri
gh
t
he
m
is
ph
er
e:
fr
on
ta
l,
in
su
la
r,
pa
ri
et
o-
oc
ci
pi
ta
l;
m
ed
ia
l
oc
ci
pi
ta
l
ar
ea
s;
an
d
in
th
e
le
ft
fr
on
ta
l
lo
be
.
Le
ft
an
d
ri
gh
t
te
m
po
ro
-p
ar
ie
ta
l
(1
)
Le
ft
ce
nt
ro
-
te
m
po
ro
-p
ar
ie
ta
l;
(2
)
ri
gh
t
he
m
is
ph
er
ic
;(
3)
no
n-
lo
ca
liz
ab
le
.
R
ig
ht
fr
on
ta
l:
su
pe
ri
or
an
d
in
fe
ri
or
fr
on
ta
l
su
lc
i,
m
ed
ia
l
an
d
op
er
cu
la
r.
Le
ft
he
m
is
ph
er
e:
ar
ou
nd
th
e
tu
be
r
in
pa
ri
et
al
,
ba
sa
l
te
m
po
ra
l,
an
d
ba
sa
l
oc
ci
pi
ta
l
ar
ea
s.
A
ro
un
d
th
e
tu
be
r
in
le
ft
te
m
po
ra
l,
pa
ri
et
al
,a
nd
oc
ci
pi
ta
l
ar
ea
s.
N
on
e
Le
ft
po
st
er
io
r
qu
ad
ra
nt
di
sc
on
ne
ct
io
n
2y
11
m
R
ar
e
se
iz
ur
es
w
it
h
ri
gh
t
ha
nd
au
to
m
at
is
m
s.
N
o
di
sa
bl
in
g
se
iz
ur
es
.
3
6y
1m
,F
A
xi
al
to
ni
c
se
iz
ur
es
/
ep
ile
pt
ic
sp
as
m
s
M
ul
ti
pl
e
tu
be
rs
.
Th
e
la
rg
es
t
on
es
ar
e
in
pa
ra
sa
gi
tt
al
pa
rt
s
of
ri
gh
t
fr
on
ta
l
lo
be
an
d
in
le
ft
te
m
po
ra
l
ar
ea
.
Le
ft
an
d
ri
gh
t
fr
on
to
-t
em
po
ra
l;
le
ft
te
m
po
ro
-
oc
ci
pi
ta
l;
ge
ne
ra
liz
ed
.
N
on
-lo
ca
liz
ab
le
R
ig
ht
fr
on
ta
l:
la
te
ra
l
an
d
op
er
cu
la
r.
Le
ft
he
m
is
ph
er
e:
la
te
ra
l
te
m
po
ra
l,
pa
ri
et
al
,
an
d
oc
ci
pi
ta
l;
ba
sa
l
te
m
po
ra
l;
fr
on
ta
l
lo
be
(a
ll
as
pe
ct
s)
.
W
id
es
pr
ea
d
ac
ro
ss
th
e
le
ft
he
m
is
ph
er
e
N
on
e
R
ig
ht
fr
on
ta
ll
ob
e
di
sc
on
ne
ct
io
n
2y
0m
Se
iz
ur
e
fr
ee
4
16
y9
m
,
F
Tw
o
ty
pe
s
of
se
iz
ur
es
:
M
ul
ti
pl
e
tu
be
rs
.
Th
e
la
rg
es
t
on
e:
po
st
er
io
r
la
te
ra
l
pa
rt
of
ri
gh
t
te
m
po
ra
l
lo
be
.
O
th
er
s
ar
e
in
ri
gh
t
op
er
cu
la
r
fr
on
ta
l
ar
ea
an
d
pa
ri
et
al
ar
ea
s
bi
la
te
ra
lly
.
G
en
er
al
iz
ed
,
m
ax
im
um
on
th
e
ri
gh
t.
N
on
-lo
ca
liz
ab
le
R
ig
ht
te
m
po
ra
l:
la
te
ra
l,
ba
sa
l
an
d
m
ed
ia
l,
an
d
TP
O
.L
ef
t
te
m
po
ra
l
an
d
pa
ri
et
al
.
R
ig
ht
ba
sa
l
te
m
po
ra
l,
po
st
er
io
r
te
m
po
ra
l
op
er
cu
lu
m
,
an
d
TP
O
ar
ea
s.
In
tr
ao
pe
ra
ti
ve
EC
oG
R
es
ec
ti
on
of
ri
gh
t
te
m
po
ra
l
tu
be
r
12
m
Se
iz
ur
e
fr
ee
1.
Bl
in
ki
ng
.
2.
Ps
yc
hi
c
au
ra
(f
ee
lin
g
of
“a
le
ap
”
fr
om
th
e
ch
es
t
to
th
e
fa
ce
)
fo
llo
w
ed
by
he
ad
ve
rs
io
n
to
th
e
le
ft
an
d
le
ft
ha
nd
ex
te
ns
io
n.
5
4y
9m
,M
Ep
ile
pt
ic
sp
as
m
s
du
ri
ng
sl
ee
p
M
ul
ti
pl
e
tu
be
rs
.
Th
e
la
rg
es
t
on
es
ar
e
in
le
ft
an
d
ri
gh
t
fr
on
ta
l
an
d
le
ft
te
m
po
ra
l
lo
be
s.
Le
ft
an
d
ri
gh
t
fr
on
to
-t
em
po
ra
l
Le
ft
fr
on
to
-
te
m
po
ra
l
Le
ft
te
m
po
ra
l
ba
so
la
te
ra
l;
ri
gh
t
te
m
po
ra
l,
le
ft
la
te
ra
l
pa
ri
et
al
;f
ro
nt
al
lo
be
bi
la
te
ra
lly
:m
ed
ia
l,
ba
sa
l,
la
te
ra
l,
op
er
cu
la
r.
Le
ft
te
m
po
ra
l
ba
so
la
te
ra
l
Pr
es
ur
gi
ca
l
lo
ng
-
te
rm
in
va
si
ve
EE
G
m
on
it
or
in
g
(5
da
ys
)
Le
ft
an
te
ri
or
te
m
po
ra
l
lo
be
ct
om
y
1y
11
m
Se
iz
ur
e
fr
ee
6*
**
*
11
y7
m
,
F
Tw
o
ty
pe
s
of
se
iz
ur
es
:
M
ul
ti
pl
e
te
m
po
ra
l
an
d
pa
ri
et
al
tu
be
rs
bi
la
te
ra
lly
Le
ft
an
d
ri
gh
t
fr
on
ta
l;
R
ig
ht
te
m
po
ro
-p
ar
ie
ta
l.
R
ig
ht
te
m
po
ra
l
an
d
fr
on
ta
l
lo
be
s
R
ig
ht
te
m
po
ra
l,
pa
ri
et
al
,f
ro
nt
al
an
d
ri
gh
t
oc
ci
pi
ta
l.
Le
ft
te
m
po
ra
l,
fr
on
ta
l
an
d
pa
ri
et
al
.
R
ig
ht
te
m
po
ra
l
an
d
pa
ri
et
al
(t
og
et
he
r)
In
tr
ao
pe
ra
ti
ve
EC
oG
R
es
ec
ti
on
of
ri
gh
t
te
m
po
ra
l
an
d
ri
gh
t
pa
ri
et
al
tu
be
rs
4y
0
m
N
o
ep
ile
pt
ic
sp
as
m
s.
R
ar
e
fo
ca
l
se
iz
ur
es
.
1.
Ep
ile
pt
ic
sp
as
m
s.
1.
R
ar
e
fo
ca
l
dy
sc
og
ni
ti
ve
se
iz
ur
es
,
w
it
h
ri
gh
t
si
de
cl
on
ic
se
iz
ur
es
at
3y
.
7
9y
3m
,F
Tw
o
ty
pe
s
of
se
iz
ur
es
:
M
ul
ti
pl
e
tu
be
rs
in
fr
on
ta
l,
te
m
po
ra
l,
pa
ri
et
al
re
gi
on
s.
Le
ft
fr
on
ta
l
tu
be
r
w
it
h
ad
ja
ce
nt
tr
an
sm
an
tl
e
le
si
on
.
A
ty
pi
ca
l
so
lid
-c
ys
t
tu
be
r
in
le
ft
oc
ci
pi
ta
lp
ol
e.
Le
ft
an
d
ri
gh
t
te
m
po
ra
l
an
d
ce
nt
ra
l
re
gi
on
s
Le
ft
fr
on
ta
l
Le
ft
te
m
po
ra
l:
ba
so
la
te
ra
l.
Pr
om
in
en
t:
le
ft
in
fe
ri
or
fr
on
ta
l
gy
ru
s.
O
th
er
s:
le
ft
fr
on
ta
l,
le
ft
in
tr
ap
ar
ie
ta
l,
ri
gh
t
te
m
po
ra
l.
Le
ft
te
m
po
ra
l
In
tr
ao
pe
ra
ti
ve
EC
oG
R
es
ec
ti
on
of
le
ft
oc
ci
pi
ta
l
an
d
le
ft
fr
on
ta
l
tu
be
rs
2y
0m
N
o
ap
pr
ec
ia
bl
e
ch
an
ge
.
1.
H
yp
er
m
ot
or
se
iz
ur
es
.
2.
G
en
er
al
iz
ed
to
ni
c
se
iz
ur
es
.B
ot
h
se
iz
ur
e
ty
pe
s
ar
e
pr
ec
ed
ed
by
au
ra
of
fe
ar
.
A. Koptelova et al. Epilepsy Research 140 (2018) 162–165
164
The limitations of the current study are the small sample size and
relatively short post-surgery follow-up. Therefore, despite the en-
couraging evidence on a usefulness of a combination of interictal and
ictal MEG for epileptogenic tuber identification, more studies are
needed to enhance the certainty of this conclusion.
5. Conclusions
1. In patients with TS the epileptogenic zone(s) most likely coincides
with some of interictally active tuber(s) producing epileptiform
MEG activity.
2. Ictal MEG as compared to interictal MEG may provide unique in-
formation for identifying the epileptogenic zone in patients with
multiple interictally active tubers, and for such TS patients ictal
MEG should be recommended.
3. Clear reliability criteria for ictal MEG analysis should be elaborated
4. The combination of interictal and ictal MEG is a valuable tool in
presurgical work-up in patients with TS.
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